Abstract: Ubiquitous light-emitting diodes provide natural infrastructures for multiuser visible light communications (VLCs). However, the current available works for multiuser VLC systems mainly focus on broadcast scenarios and beamforming techniques. In this paper, we consider a multiuser multi-access VLC system with finite-alphabet inputs. Intended for two-user multi-access VLC systems, we propose an energy-efficient time-collaborative constellation design to manage the nonnegative multiuser interference and we develop a joint maximum-likelihood demodulation and successive interference cancellation decoding algorithm for signal detection. Simulation results indicate that our proposed time-collaborative constellation design outperforms time-uncollaborative scheme in error performance perspective.
Introduction
In recent years, with the rapid expansion of wireless local area network services, the demand for communication rate has exploded. How to achieve high-speed transmission is one of the key issues urgently to be solved in radio frequency (RF) communications. As an alternative to RF communications, a novel wireless communication technique named visible light communication (VLC) has drawn much interests in research [1] - [7] due to its unique merits such as large bandwidth, high security, low cost, freedom from spectral licensing issue, easy implementation into existing infrastructure and etc. VLC utilizes ubiquitous light-emitting diodes (LEDs) as data transmitter and uses the plug-in photodiode (PD) in smart devices as receiver, which naturally forms a multiple access VLC link [8] , [9] . However, for such system, multiple users transmit their messages to the PD receiver simultaneously and the receiver cannot uniquely identify each user's signal. Thus, multiuser interference arises and it may lead significant system performance loss [10] . Recently, many efforts have been made to manage the multiuser interference. In RF communication systems, although many techniques for multiuser interference management have been studied [11] - [15] , they cannot be directly applied to VLC systems due to the fact that 1) the transmitted signals in VLC systems must be nonnegative and real-valued whereas the transmitted signals in RF systems are bipolar and complex-valued 2) the transmitted signals in VLC systems are subjected to optical power constraints instead of electronic power constraints in RF systems. In VLC systems, it can be noticed that there are also many methods to manage the multiuser interference [16] - [20] . However, these methods mainly focus on broadcast scenarios and beamforming techniques for multiuser VLC systems and it cannot be applied for our considered multiuser multi-access VLC system since the messages of different users cannot be shared. In fact, in multiuser multi-access VLC systems, it is more challenging to manage the multiuser interference due to the fact that the transmitted signals of all users are hardly to be coordinated. Fortunately, we proposed an optimal power control strategy with good error performance in [21] for two-user multi-access VLC systems. However, we only considered that the two users have same transmission bit rate and we assumed that there is no correlation between the adjacent time slots [21] .
Motivated by the above-mentioned factors, in this paper, we consider time-collaborative constellation design with finite-alphabet inputs for multiuser multi-access VLC systems. Our problem is essentially a multiuser multi-access multi-dimensional constellation design problem and unlike downlink beamforming [19] , [20] , we also need to consider how users collaborate with each other while considering time collaboration. To the best knowledge of authors, there is no relevant research at present. In addition, the resulting optimization problem contains both continuous and discrete variables, it is extremely challenging to be formulated into a tractable optimization problem [19] , [20] . Thus, in this paper, as an initial study, we consider a two-user multi-access VLC scenario. Intended for two-user multi-access VLC systems, we propose an efficient two time-slot collaborative constellation design. For signal detection at the receiver, we develop a joint maximum likelihood demodulation and successive interference cancellation decoding algorithm. Comprehensive simulation results demonstrate that our proposed design outperforms time-uncollaborative scheme in error performance perspective.
System Model and Problem Statement
In this section, we will introduce the system model we considered and state the main problem to be solved in this paper.
System Model
In this paper, we consider a two-user multi-access VLC system as illustrated by Fig. 1 , in which two LED transmitters and one PD receiver are equipped. This system model can be seen as the equivalent model of many common scenarios, such as the one-cell system with two users [22] or two-cell system with the user located in the two cells' overlapping area [23] . We consider that the transmitted signals are drawn from unipolar pulse amplitude modulation constellations, motivated by the fact that 1) the transmitted signals in realistic communication systems are drawn from finite-alphabet constellations [19] , [24] , [25] 2) the transmitted signals in VLC systems must be nonnegative and real-valued. We assume that the i -th (i = 1, 2) user transmits K i bit data to the PD receiver over L successive channels. Let s i denote the signal vector transmitted by User i , s i ∈ S i ⊆ R 1×L + , where R 1×L + stands for the set of all the 1 × L vectors with all entries being nonnegative and real-valued numbers. Then, the received signal at the PD receiver can be represented as
where n denotes the noise vector and n j , j = 1, 2, ...L is modeled as real-valued additive white Gaussian noise with zero mean and variance being σ 2 due to the fact that the channel in our considered VLC system can be seen as time invariant.
At the PD receiver , the received signal is given by y and the receiver detection consists of the following two successive steps.
1) Maximum Likelihood Demodulation: Given the received signal y in (1), the maximum likelihood (ML) estimate of the sum signal g = s 1 + s 2 is given bŷ
where
Decoding: Letŝ i be the estimate of s i from User i . The function of the decoder at the PD receiver is to determineŝ i for 1 ≤ i ≤ M from the optimal estimateĝ.
Problem Statement
As we know, the error performance of ML detection is determined by the minimum Euclidean distance (MED) of the received constellation. In this paper, in order to ensure the received signal can be uniquely identified and enhance the system's energy-efficiency, we should not only ensure that the MED between any two points of the received constellation is not zero, but also make the MED of the received constellation
as large as possible with a limited power. In this paper, we consider peak optical power constraints due to the limited dynamic range of the LEDs [26] - [28] .
Time-Collaborative Constellation Design
In this section, we will propose an energy efficient time-collaborative transmission constellation design for the two users and develop a joint ML demodulation and successive interference cancellation (SIC) decoding algorithm for signal detection.
Time-Collaborative Transmission Constellation Design
As we have described in Section 2.2, to enhance the system's performance, our main task is to make the MED of the received constellation as large as possible. Inspired by the optimal power control strategy we have proposed in [21] and the additively uniquely decomposable constellation group (AUDCG) proposed in [29] , the superposition in power domain is adopted for users' collaboration in this paper. Then, our design problem is essentially a two-dimensional constellation design problem and by means of the relevant knowledge in mathematical programming, we propose an energy-efficient time-collaborative constellation design which is given in the following algorithm.
Algorithm 1:
For the convenience of description, we first define the following symbols.
Then, our designed energy efficient time-collaborative constellation is given as follows.
I would like to add the following remarks for our proposed energy efficient time-collaborative constellation:
1) Indeed, our proposed efficient time-collaborative transmission constellations constitute a twodimensional additively uniquely decomposable constellation pair [29] . 2) Our designed time-collaborative constellation is bit-adaptive since it allows each user has different transmission bit rate and it is adaptive to each user's transmission bit rate.
3) The time-collaborative constellation design we proposed is different from the usual constellation design [30] , [31] due to the fact that the received constellation is the superposition of transmission constellation instead of the simply mapping of the transmission constellation. 4) The time-collaborative constellation design we proposed is essentially a joint design of multidomain. In user domain, the user coordinated by adaptive power control strategy and in time domain, the signals of two adjacent time slots are transmitted cooperatively.
Receiver Design
In this subsection, we are committed to designing an efficient receiver to estimate the received sum signal and extract each user's message. We develop a joint ML (JML) demodulation algorithm and a successive interference cancellation (SIC) decoding algorithm for signal detection, which are given as follows. 
where G = {s 1 + s 2 :
When the optimal detectionĝ of the sum signal g has been obtained by Algorithm 2, our task is to determine each user's signal from the optimalĝ and we have the following algorithm.
Algorithm 3:
(Successive Interference Cancellation Decoding of Each User's Message) Given the optimal estimateĝ of sum signal g, the estimate of s i is determined by
where '[0.5, 0.5]' is the correction vector for estimating s 2 . After subtracting '[0.5,0.5]', the estimated superposition signalĝ will surround the signal s 2 on constellation diagram. At this time, we can use the ML decision to estimate s 2 .
Simulation and Results
In this section, we will examine the error performance of our proposed time-collaborative transmission constellation design and time-uncollaborative scheme by comprehensive computer simulations. The transmitted signals of the two schemes we would like to compare are given as follows. 1) Time-Uncollaborative Transmission Constellation Design (NTC) [21] , [29] : The normalized transmitted signals of the two users are denoted by x 1 and x 2 , where
with K i −tj , i , j = 1, 2 being the modulation order of pulse amplitude modulation of User i in j-th time slot and
2) Time-Collaborative Transmission Constellation Design (TC):
The normalized signals transmitted by the two users are denoted by
, where s i ∈ S i , i = 1, 2 and S i is given by Algorithm 1. With the normalized peak optical power, the signal-to-noise (SNR) in this paper is defined by 1 σ 2 . In addition, to make the comparisons fair, the ML demodulator is adopted by the two schemes. More details of our simulations are given as follows.
At first, we consider the situation that K 1 = K 2 to evaluate the symbol error rate (SER) performance of our proposed TC design and the NTC scheme. For
, the simulation results are illustrated by Fig. 6 . Then, we compare the SER performance of our proposed TC design with NTC scheme under the condition that
, the simulation results are shown in Fig. 7 . From the two figures, we can observe that our proposed TC design outperforms NTC scheme in high SNR region.
1 This is mainly because the error performance of ML detection in high SNR region is dominated by the MED of the received constellation. Let D tc denote the MED of our proposed TC design and D ntc be the MED of NTC scheme. Then, the attained gain in terms the ratio of MED of our proposed TC design over NTC scheme is determined by
1 In this paper, our proposed constellation design is based on MED criterion and the detection method is ML detection algorithm. It is known that the error performance of the ML detection is dominated by the MED of the received constellation in high SNR region. Thus, in high SNR region, our proposed TC scheme outperforms NTC scheme and we cannot guarantee that the performance of TC scheme is always better than NTC scheme in low SNR region. According to Algorithm 1, we have where K eq is defined in Algorithm 1. Then, according to [21] , [29] , we can get that D ntc = min{
, the transmission constellations of TC design and NTC scheme are illustrated by Fig. 2 and the corresponding received constellations are shown in Fig. 3 . From this figure, we can observe that the received constellation's MED of our proposed TC design is greater than that of the NTC scheme. According to (8) , we can obtain that G ai n = 20 log 10 (2 1 −1) ) ≈ 0.30 dB, which confirms with the simulation results in Fig. 6 . For K 1 = K 2 scenario, for example,
, the corresponding constellations at the transceiver of the two schemes are illustrated by Fig. 4 and Fig. 5 . According to (8), we can obtain that G ai n = 20 log 10 (
) ≈ 3.01 dB, which is consistent with the simulation results in Fig. 7 . In other words, from Fig. 6 and Fig. 7 , we can observe that the SNR required by using our proposed TC design is smaller than that of using NTC scheme under the same SER and modulation order. Thus, our proposed TC design is more energy efficient than NTC scheme.
In addition, we also compare the performance of our proposed joint ML demodulation and successive interference cancellation decoding (JML+SIC) algorithm, (i.e., Algorithm 2 + Algorithm 3) with pure successive interference cancellation detection (PSIC) scheme which is commonly used in non-orthogonal multiple access VLC systems. The simulation results are shown in Fig. 8 and from this figure, we can observe that the performance of our proposed JML+SIC significantly outperforms PSIC scheme.
Conclusion
In this paper, for two-user multi-access VLC systems, we have proposed an energy-efficient timecollaborative constellation design to manage the nonnegative multiuser interference and enhance the system's energy-efficiency. Intended for the designed transmission constellations, we proposed a JML demodulation algorithm and an SIC decoding algorithm for receiver's signal detection. Simulation results demonstrate that our proposed time-collaborative constellation design outperforms time-uncollaborative scheme and our developed JML+SIC detection algorithm can obtain significant performance gains over PSIC detection scheme.
